The special gas wettability phenomenon of reservoir rocks has been recognized by more and methods have been established. Second, a method for altering rock wettability and its mechanisms have been studied, surface oriented phenomena of functional groups with low surface energy are the fundamental reason for gas wettability alteration of rock. Third, the effect of gas wettability on the surface energy, electrical properties and dilatability are investigated. Last, the effects of gas wettability glass network models. The gas wettability theory of reservoir rocks has been initially established, which provides theoretical support for the efficient production of unconventional reservoirs and has great
reported a field test in the Clearfork and Gallup reservoirs for improving oil recovery by wettability alteration. In 1983 , Penny et al (1983 proposed a non-wetting approach (zero capillary pressure can be achieved by altering the watersolid contact angle to 90°) in fracturing treatments to control capillary pressure and enhance relative permeability. Their laboratory data and field applications showed impressive results: as employing this approach, due to longer frac lengths and higher fracture conductivities, the production following cleanup after fracturing in gas wells generally was 2 to 3 conventional approaches. Zhou et al (1987) presented that the 'solid-gas wettability' was totally opposed to the solidliquid wettability. They believed that the more lyophobic the solid becomes, the easier the solid is 'wetted' by gas and for gas bubbles to attach to it; on the contrary, the more lyophilic of the solid, the easier it is to be wetted by liquid and harder for gas bubbles to attach to it. By utilizing this wettability differences between gas and liquid, valuable minerals and Although so many researchers have recognized the results of reservoir wettability alteration and its effects on well stimulation, it was not until 2000 that the special wetting phenomenon 'gas-wetting' was firstly put forward
Introduction
The wettability of rocks near boreholes is a key factor that determines the position, flow and distribution of reservoir fluids in porous media and has a great effect on the oilwater relative permeability and oil recovery (Morrow, 1990; Jiang, 1995; Ogunberu and Ayub, 2005; Wang et al, 2011) . As early as 1942, Buckley and Leverett (1942) recognized the importance of wettability on water flooding performance. Later, some researchers studied the effect of wettability on capillary pressure, relative permeability, initial water saturation, residual oil saturation, oil recovery and electrical properties of reservoir rocks (Morris and Wieland, 1963; Donaldson and Thomas, 1971; Menezes et al, 1989; Cockcroft et al, 1989; Jia et al, 1991; Buckley et al, 1995) . Other authors investigated the result of wettability adjustment on reservoirs and well stimulation such as oil displacement efficiency improvement during water flooding and oil Leach, 1967; Kamath, 1970; Morrow et al, 1973; Penny et al, 1983) .
Wagner and Leach (1958) reported that it is possible to phenomenological simple network model, they suggested that the gas well deliverability in condensate reservoirs could be enhanced by wettability alteration to gas-wet near the wellbore. Later, they altered the wettability of porous media to preferentially gas-wet in laboratory by using two 2000b). Much attention has been paid to the study of this improved the liquid phase relative permeability of sandstone test core from Berea in Ohio and chalk samples by altering the wettability from liquid-wet to intermediately gas-wet. Their results showed that good wettability alteration occurred but the chemicals were limited to a maximum temperature of 90 °C. A method was proposed by Li and Horne (2003) in 2003 to evaluate the wettability in both gas/liqui/drock system and liquid/liquid/rock system. This method can be used to evaluate the wettability at specific wetting phase saturation saturation are known. In the work of Panga et al (2006) , five different chemicals (A1-A5) were evaluated for their ability to prevent water block formation at high temperatures by testing the contact angle and air-brine imbibition (the and A5 is a fluorotelomer). They tested 41 chemicals with the same methods in 2007, and the results showed that the at high temperatures with minimum formation damage, and a solution containing 5% A5 and 95% brine (2wt% KCl) gave higher cleanup of trapped water due to reduction in capillary forces (Panga et al, 2007) . Liu et al (2006) altered core samples, which derived from the Dongpu gas-condensate reservoir from water-wet to gas-wet effectively by a new and cheap chemical WA12 (a fluorocarbon surfactant), which is stable up to 170 ºC. Experimental results demonstrated that the relative permeability to both the gas and water phases increased significantly after wettability alteration to preferentially gas-wet, and the residual water saturation decreased. The fluorocarbon surfactant WA12 was applied found that the gas production increased significantly but the increase in gas production was not sustained (Liu et al, 2008) . Al-Anazi et al (2007) evaluated the gas wettability alteration effectiveness of various fluorochemicals and silanes on carbonate and sandstone reservoir cores and Berea test cores by core flooding experiments under simulated reservoir conditions. The results showed that the effectiveness of chemicals is affected by treatment volume, aging time, core permeability, temperature, and treatment two fluorochemicals, 11-12P and L-18941, manufactured by 3M Company, could achieve gas wettability alteration at high temperatures (140 °C), and did not have a measurable effect on the absolute permeability of the rock. Then Noh and manufactured by 3M Company, 11-12P and L-19062 in 2008. improvement on both water and oil phase mobility, and the improved mobility of oil is much less pronounced than that of water. , Yao et al (2008 evaluated the capability of five kinds of chemicals (dodecyl benzene sulfonate, cetyl trimethyl ammonium bromide, OP-15, GB-201 and DMS), concerning the gas wettability alteration of artificial sandstone cores with the methods of capillary rise, Washburn equation and spontaneous imbibition through wetting angle determination. GB-201 could achieve preferential gas wettability alteration from water-wet and oil-wet, which led to an increase in relative permeability to the liquid phase and a decrease in liquid saturation. In the work of Shao et al (2010a; 2010b) , the effect of pore-throat ratio, rock wettability, initial water saturation and residual water saturation on relative permeability were carried out, by using the methods of pore network simulated with the throat radius varying from 0.05 to than 0.4, the gas relative permeability increased in the order containing acrylate copolymer emulsion was prepared with et al (2012) . Experimental results of contact angle (CA), capillary rise and spontaneous imbibition demonstrated that the copolymer emulsion could alter the wettability of porous media from strongly liquid-wet to gas-wet. Many researchers have investigated gas wettability alteration and its effects on well stimulation, but they have not provided information on the mechanism of gas wettability alteration and its effects on several aspects which closely relate to rock properties. To this end, we embarked on series of comprehensive studies on gas wettability, which include evaluation methods, chemical mechanism of wettability alteration, and the effects on other properties of porous reservoirs.
Definition and evaluation methods of gas wettability
Generally, gas is taken as a non-wetting phase in the petroleum industry (Krasowaka et al, 2009 ). As the longrange force between gas and lyophobic surfaces existing in the liquid phase has been recognized and investigated in recent years, more and more attention has being paid to gas wettability (Briant and Cuiec, 1971; Zhu and Zhao, 1996) . The essence of wettability is that in a solid-liquidliquid system, the initially wetting phase is displaced by the preferentially wetting phase and then the Gibbs free energy of this system decreases (Briant and Cuiec, 1971) . In other words, it is presented as the Gibbs free energy decreasing and a weakly wetting phase being displaced by a preferentially wetting phase. Hence, the gas wettability is defined as the displacement ability of the gas phase over the liquid phase in a gas/liquid/solid system, and this may reduce the surface free energy of the solid.
Establishment of evaluation methods
Conventional methods for wettability evaluation Pet.Sci.(2013)10:515-527 are commonly used at present. However, as the gas is characterized by low viscosity and high compressibility, whether evaluation methods used for liquid wettability measurement are suitable for gas wettability measurement or not, is a subject urgently needing to be discussed. In this paper, the gas wettability evaluation methods were established based on the conventional evaluation methods, which involved gas phase-contact angle.
After dripping a liquid droplet on the solid surface in the gas phase, the spreading of the droplet is a process of liquid and gas covering the solid surface competitively, and it is also a process of the liquid wetting the solid surface over gas. The smaller the contact angle ( l ) of the droplet on the solid surface is, the easier it is to be wetted by the liquid phase and with an increases in g-l and l . The quantitative evaluation indices of gas wettability are shown in Table 1 . Therefore, the supplement of the droplet contact angle (180°-l ) is able to be used as an evaluation parameter for the gas wettability over liquid. The gas wettability degree over a given liquid could be parameterized with g-l , which is (1) g-l l = cos 180 
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Intermediately gas-wet Non-gas-wet Fig. 3 Absorption of bubbles on different gas-wet surfaces the gas contact angle, g , which represents the degree of gas wettability of the solid surface in this liquid. Several indices listed in Table 2 are used to evaluate gas wettability in the captive bubble method. The captive bubble method is commonly used to assess liquid wettability, which measures the liquid contact angle by the bubble shape existing on the solid/liquid interface. As the change of the bubble shape is affected by the degree of gas wettability of the solid surface, a stable bubble on the solid/ liquid interface is measured with the captive bubble method
The sessile drop method and the captive bubble method have their own characteristics and applicability, the former estimates gas wettability through the wettability of the liquid phase, and the latter assesses gas wettability directly by the shape of the captive bubble. The sessile drop method is a process in which the solid/liquid interface is displaced by the solid/gas interface, and the captive bubble method is an opposite displacement process. These two methods can evaluate gas wettability quantitatively and effectively, which
Factors affecting gas wettability
Surface free energy and test materials are the main factors affecting gas wettability.
The gas wettability both in gas/water and gas/oil systems increases along with a decrease in the surface free energy of the solid. On a solid surface, a smaller liquid surface free energy indicates this solid is better liquid-wet and worse gaswet. Only when the surface free energy of the solid is smaller than that of a certain liquid, is the solid surface preferentially wetted by gas over this liquid; and the smaller the solid surface free energy, the stronger the gas wettability.
In the gas phase, water and oil have the same variation of wettability on different test materials; and the smaller the material surface free energy, the bigger the liquid contact angle (Zisman, 1964) . As the degree of gas wettability is enhanced along with hydrophobic and oleophobic ability, as a result of surface free energy decrease, the gas wettability to water was stronger than that to oil on the same material, for oil-wet was stronger than water-wet on a certain solid material surface.
The gas contact angle has the same trend in both water and oil phases, and the gas-solid contact angle in the water phase was smaller than that in the oil phase. Therefore, the gas wettability was stronger in water than in oil. mechanisms of gas wettability alteration 3.1 Synthesis of gas wettability alteration chemical to alter rock wettability from liquid-wet to preferentially effect for wettability alteration to preferentially gas-wet, but its low solubility limited the application on wettability alteration due to the high costs of introducing a solvent to dissolve it. In later research on gas wettability alteration, fluorocarbon products manufactured by 3M Company were of these fluorocarbon products was limited not only by the high material cost, but also by environmental restrictions. When the carbon number in fluorocarbon chains is greater body and environment and have been banned by many copolymerized by batch feeding, and used to change the rock wettability from liquid-wet to gas-wet by multipoint method, a lot of expensive fluoroacrylate monomers were required to achieve high monomer concentration and realize gas-wet with this one-batch feeding method.
contains acrylate and fluorinated acrylate monomers, was synthesized by core-shell copolymerization and in the copolymerization process, the raw materials were fed in two batches. The resultant product is soluble in water, less expensive and of good ability for wettability alteration.
Various monomers were chosen for various purposes. Methyl methacrylate (MMA) and methacrylic acid (MAA) would provide strength and weatherability to the copolymer, and hydrophilic groups in MAA were also introduced, which promoted the adhesion of the copolymer to rock. The addition of butyl acrylate (BA) increased the elasticity and flexibility of the copolymer. A fluoroacrylate with 6 carbon atoms and 13 fluorine atoms in fluorocarbon chains was selected for polymerization. When the carbon number in fluorocarbon chains is lower than or equal to 6, the products are not bioaccumulative or harmful to the human body and environment (Lehmer, 2007) . The methyl side chains in monomers could enhance the glass transition temperature of the copolymer and promote the crystallization 2 ) 5 3 by reducing the activity of the backbone and side chains.
BA, MMA and MAA were slowly added into the surfactant solution of SDS (sodium dodecyl sulfate), and the mixture was made into a homogeneous emulsion with a shear emulsification mixer. The emulsion was transferred into a four-neck flask equipped with an electric mixer, condensing tubes, a nitrogen import device and an 80 °C water-bath. The initiator, ammonium persulfate (APS), was SDS and APS were slowly dripped into the emulsion, and the polymerization time was 4 hours. The emulsion was allowed to cool and the pH was adjusted to 7 with NaHCO 3 (sodium bicarbonate), and then the gas wettability alteration chemical, Artificial sandstone cores (diameter 24.60-24.75 mm, length 49.75-50.50 mm, permeability 48.34-52.70 mD, porosity 11%-13%) were used to simulate natural cores. distilled water) for 4 hours, and after 4 hours of immersion the cores were first dried at room temperature and then at 100 °C in an electrical thermostatic oven. The contact angles of distilled water and hexadecane on the core surfaces were measured respectively before and after treatment with a JC2000D3 contact angle meter, and the results are shown in Table 3 .
Due to the synergistic effect of all the monomers above, wettability of the core surface altered from liquid-wet to After being treated with 10% FC-1 solution and aged for 12 hours at 100 °C, the core surface had a contact angle with water of 125° and a contact angle with hexadecath of 97°, respectively, the images (digital photographs) of wettability alteration effect and differences in contact angles are shown in Fig. 4 (treated with 10% FC-1 solution).
Mechanism of wettability alteration
The microstructure and distributions of elements and and quartz glass slides were examined with a transmission electron microscope (TEM), a scanning electron microscope (SEM) and an X-ray photoelectron spectrometer (XPS). Artificial sandstone cores (diameter 24.60-24.75 mm, length 49.75-50.50 mm, permeability 48.34-52.70 mD, porosity 11%-13%) were used to simulate natural cores in the SEM detection. Artificial sandstone cores were cut into slices, and the slice surfaces were polished with abrasive paper and then immersed in the 10% FC-1 solution for 4 at room temperature and then at 100 °C in an electrical thermostatic oven. The surface appearance of core slices were examined before and after FC-1 solution treatment (FC-1 adsorption on the surface of core slice) with the Quanta 200F scanning electron microscope, and the energy spectrum was also analyzed (at least 5 small areas in each test sample Fig. 4 Contact angles of liquid-wet and gas-wet core samples before and after treatment with 10% FC-1 solution (a) Liquid-wet core sample (b) Gas-wet core sample were chosen and the average element content was obtained in energy spectrum detection). The fluorine content of the surface of the FC-1 treated core slice by SEM energy dispersive X-ray analysis was much higher than the theoretical value (the calculation was based on the synthetic formula), which indicated that the strong tendency to move to the surface. This surface oriented different and decreased the surface free energy, and the wettability of the core sample altered to preferentially gaswet ( Fig. 5 and Table 4 ).
The surface appearance and element distribution of core samples varied greatly after adsorption of FC-1, as shown in was mainly composed of big particles and pores. The main element. The natural core sample was lyophilic because of chemical composition and capillary force. After being treated with the FC-1 solution, the FC-1 was adsorbed on the core surface and built a film, which made the core porosity decreased, the oxygen content dropped to 13.9%, but the indicate that the wettability of core sample had been altered to gas-wet due to the modification by low surface energy film was examined with the JEM-2100 LaB6 transmission dispersed by ultrasonic for 40 minutes, then dripped a drop temperature, and detected the microstructure of the testing samples with the JEM-2100 LaB6 transmission electron microscope (TEM). orderly occupied the polymer/air interface, which made the treated solid surface exhibit low-energy characteristics and alter from liquid-wet to preferentially gas-wet.
X-ray photoelectron spectrometer (XPS). The quartz glass
and cleaned with distilled water and ultrasonic. Then the quartz glass slides were dried at room temperature and then at 100 °C in an electrical thermostatic oven. The testing samples were then examined with the X-ray photoelectron spectrometer (XPS). n . There was no absorption peaks of -CH 3 , -CH 2 , -(CH 2 ) n , -COOH, which indicated that the internal polar groups were protected 
Effect of gas wettability on rock surface
Wettability alteration of rocks was bound to affect the dispersion properties of clay minerals in reservoir rocks. After zeta potential, dilatability and cation exchange capacity (CEC) of the MMT samples were studied, and its mechanisms were also analyzed. The purity of the MMT sample was 91%, containing a little kaolinite and illite.
Several grams of 100-200 mesh and 200-400 mesh concentrations for 4 hours. After the chemical was fully absorbed on the MMT surface, the mixture was placed in an 105 °C oven for drying for 24 hours, then ground and cooled at room temperature of 25 °C. This was the gas-wet MMT. The gas-wet MMT was added to a container filled with distilled water. This suspending liquid was stirred for 5 min at a high speed, and then was diluted to a concentration of 0.05% after being stirred for 30 min and kept still for 24 hours. A ZetaSizer NanoZS was used to test the zeta potential. All experiments were performed at room temperature (22±3 °C) , and the pH value of suspending liquid was about 7.
The dispersion of clay minerals could be divided into four grades based on zeta potential, i.e. extreme dispersion, high dispersion, possible dispersion and non-dispersion, corresponding to zeta potential of -60, -40, -20 and -10 mV, respectively.
of MMT increased gradually and transition from high dispersion to possible dispersion. When the concentration Under the same conditions of altering core wettability, the rate of increase of zeta potential of 200-400 mesh MMT was higher than that of 100-200 mesh MMT. The reason may be that the surface area of 200-400 mesh MMT was large and the wettability alteration chemical was adsorbed to form a membrane, so that the reduction in negative charges on the MMT surface resulted in an increase in zeta potential, as
The cation exchange capacity (CEC) of MMT was estimated by its methylene blue capacity (MBC). A 4% MMT suspension was prepared with distilled water and then kept still for 24 hours. 2 mL MMT suspension was added to a conical flask with 10 mL distilled water. Then 15 mL 3% H 2 O 2 solution and 0.5 mL sulfuric acid (2.5 mol/L) were and kept gently boiling for 10 min, and then diluted with distilled water to 50 mL. 0.5 mL methylene blue solution (0.01 mol/L) was dripped with a stirring rod. When the dye showed a turquoise ring around the dyed solid, the end point of titration has been reached. When the turquoise ring extended outward from spots, we shook the conical flask for 2 min and then put ring was still apparent, it has reached the ending. Otherwise, previous operations were continued until a ring appeared on
where MBC is the methylene blue capacity; V m is the methylene blue consumption, mL; V is the sample volume, mL.
The values of methylene blue capacity (MBC) dropped from 2.1 to 0.2, which indicates that the cation exchange wet MMT declined and its stability was improved. The reason a stable film, which protected the internal negative charges and prevented neutralization reaction of cations and negative charges. This is similar to the reason why the zeta potential changes.
Wettability alteration would affect the location and distribution of fluids in rock pores, thus the rock electrical properties would be changed and the electric logging accuracy was sure to be affected (Anderson, 1986; Chen and Monger-McClure, 1995) . The effect of wettability alteration on core resistivity and gas saturation were investigated, and the relation between gas-wetting and core resistivity was also studied.
The resistivity of core samples after displacement with saturated by simulated formation water. The core resistivity increased significantly at low frequency ranges, reaching electrolytic solution, which had a good conductivity; while copolymer and the conductivity of its aqueous solution was cross sectional area that the electrical currents passed through reduced and the length of the conductive path increased for the core matrix was almost non-conductive; so the resistivity solution with the same volume. The dilatability of gas-wet MMT decreased along with MMT was only 0.83 mm. The dilatability of MMT reduced significantly after wettability alteration, because a stable which prevented water from entering the crystal layers and giving rise to hydration expansion. The resistivity variation of water-wet and gas-wet core samples saturated with simulated formation water were similar, that is, the resistivity of both types of core samples decreased as the frequency increased and the difference the conductive path was continuous water in the connected pores under high water saturation conditions. The resistivity mainly depended on the salinity of the simulated formation water and the pore structures; so the resistivity differences between water-wet and gas-wet core samples were not When the gas saturation of core samples was very low, the simulated formation water in core pores was the continuous phase and the resistivity was low too. When the gas saturation increased, the rock wettability markedly affected the rock increased gradually as the gas saturation increased. When the gas saturation was more than 40%, unstable water droplets were formed in the continuous water in pores, and then the conductive path was broken, so the resistivity increased sharply. The gas saturation at this point is called critical gas saturation. Similar to the water-wet core samples, the resistivity of the gas-wet core samples increased rapidly when the gas saturation was about 40%, because the conductive 13).
Under the condition of irreducible water saturation, the resistivity values of both water-wet and gas-wet core samples were very high, but the conductive path was completely different. In the water-wet core samples with very low water saturation, a thin water film would be formed on the pore relatively high resistivity because of its small cross-sectional area and long length. In the gas-wet core samples with very low water saturation, the non-wetting phase, formation water, was located in branched pores in the form of isolated water droplets and had no contribution to the conductivity (Table 6) . , Fig. 13 Core resistivity at different gas saturations Spontaneous imbibition refers to the wetting phase displacing the non-wetting phase in porous media under the control of capillary forces only (Bobek et al, 1958) . If the imbibition of the wetting phase has the same direction as the as co-current spontaneous imbibition, otherwise as countercurrent spontaneous imbibition. Co-current and countercurrent spontaneous imbibition tests were conducted on the gas/liquid/rock systems. The effect of gas-wetting on velocity and induced gas recovery of spontaneous imbibition, and the trapped gas saturation by counter-current spontaneous imbibition were also investigated. Artificial sandstone cores prepared with quartz sand were used in this section to simulate natural cores (diameter 24.60-24.75 mm, length 49.75-50.50 mm, permeability 48.34-52 .70 mD, porosity 11%-13%).
imbibition
As degree of wettability of the core samples to gas increased, the gas recovery by co-current imbibition gradually decreased and the velocity of imbibition declined, which by co-current water imbibition was less than that by oil imbibition and the velocity of co-current oil imbibition samples showed stronger gas-wet properties in the gas/water/ rock system than that in the gas/oil/rock system. concentration was studied. Both in the gas/oil/rock and gas/ water/rock systems, the trapped gas saturation increased gas saturation in the gas/water system than that in the gas/oil
The effect of gas wettability on capillary pressure, fluid flow and oil/gas/water distribution were studied with the capillary tubes and etched-glass network models of different wettability values.
Capillary tubes (micro-visual models) were used quite early to observe the wettability visually. Under quasi-static conditions, the core displacement tests were carried out both in gas/water and gas/oil system, in order to investigate the effect of gas wettability on the shape of displacement front Under quasi-static conditions, displacement tests were conducted in capillary tubes at a water injection rate of 0.3 mL/h. The displacement front in capillary tubes of different wettabilities showed different curve shapes as the capillary pressure varied. The displacement fronts in capillary tubes
The displacement front was concave in the non-gas-wet capillary tube, planar in the intermediately gas-wet capillary tube, and convex in preferentially gas-wet one. The direction of the capillary force in different wettabilities is also shown displacing gas in the non-gas-wet capillary tube with water, but had no effect on displacement in the intermediately gaswet capillary tube. Under the condition of preferentially gaswet, the capillary force was the resistance to gas displacement.
Water was displaced by gas in the capillary tubes of different wettabilities under quasi-static conditions and the experiment was examined with the measuring software and photogoniometric method. The shape of the displacement front varied in capillary tubes of different gas wettabilities, and the advancing angle g decreased with an increase in the degree of gas wettability. Under non-gas-wet conditions, the mobility of water increased along with the decrease in g , and the resistance to bore in condensate gas reservoirs, utilizing the gas wettability the water block formation damage, and recover or maintain the gas well productivity. ir Non-gas-wet Non-gas-wet Non-gas-wet Fig. 18 Schematic plot of glass-etched network model with an ideal pore structure models of different wettabilities foundation for the development of gas reservoirs by water drive, and wettability has a significant impact on gas/water flow and the distribution of gas and water were studied with glass-etched network models of different wettabilities. The glass-etched network model was a transparent network structure patterned with tiny pores and channels by ultraviolet 9 longitudinal capillary tubes were arranged crosswise of 8 transversal capillary tubes, thereof generating 72 nodes in the model. The diameter of the thicker capillary tube in the middle of the model was 0.2 mm, and the pore diameter was 0.92 mm. The diameter of other capillary tubes around the thicker one was 0.12 mm, and the pore diameter was 0.5 mm.
The area of the model except pores was 32.36 mm 2 .
In the non-gas-wet (hydrophilic, water-wet) model, spontaneous imbibition occurred immediately as water entered the groove, and water passed along the wall of porous channels to the model end instantaneously. The displacement was non-piston-like, and water preferentially went into pores and pore throats along the wall of porous channels. The
In the intermediately gas-wet model, water passed homogeneously and the displacement was piston-like, in which gas was thoroughly displaced. The water displacement 19(b)).
In the preferentially gas-wet model, the water went in the center of porous channels and into the junctions of channels.
There is very serious spontaneous imbibition in the nongas-wet (oleophylic, oil-wet) etched-glass network model. Oil went preferentially into the model along the wall of porous channels in a non-piston-like way, and the displacement front
In the intermediately gas-wet model, oil went into the porous channels to drive the gas in a piston-like way, and the The displacement front was convex in the preferentially 20(c)).
models
In the non-gas-wet etched-glass network model, gas was continuously distributed in the middle of pores surrounded by almost saturated with liquid, and little residual gas was left in the liquid was distributed in the middle of the pores and the 21(c)).
Conclusions
the gas phase over the liquid phase and this may reduce the surface free energy of the solid. Two evaluation methods were used: the sessile drop method and the captive bubble method.
2) The gas wettability was enhanced by a decrease in the solid surface free energy. When the surface free energy of solid was lower than that of the solid/liquid interface, and the adhesion work was negative, the solid was preferentially gaswet; otherwise, the solid was non-gas-wet (liquid-wet).
3) A novel fluorocarbon gas wettability alteration copolymerization, which had a good wettability alteration 4) The gas wettability alteration to rock restrained clay hydration and swelling, changed the conductive path, reduced gas recovery due to co-current spontaneous imbibition and the velocity of co-current oil imbibition, and enhanced the trapped gas saturation. the displacement front, and the direction and magnitude of capillary force. 6) Displacing gas by liquid in the gas/liquid system was conducted with an etched-glass network models of different wettabilities. The effect of gas wettability on the displacement front and state, and the liquid distribution were also investigated.
(a) Non-gas-wet (oleophylic) (b) Intermediately gas-wet (c) Preferentially gas-wet (a) Non-gas-wet (hydrophilic) (b) Intermediately gas-wet (c) Preferentially gas-wet
